A large floodplain of the River Findhorn, northeast Scotland, was investigated using hydrogeological and hydrochemical methods (including residence time indicators) to characterise groundwater/ surface-water coupling and groundwater flooding. The study demonstrated widespread stratification within the floodplain: shallow (<8 mbgl) deposits are highly permeable (100 m/d); deeper deposits have low permeability (1 m/d) and limit interaction with the underlying sandstone aquifer.
INTRODUCTION
The role that groundwater plays in floodplain functioning is increasingly being recognised as an important area of and mapped. These can be broadly grouped into: raised marine deposits; glacial till; peat; glaciofluvial sands and gravels; gravelly river deposits; sandy alluvium; and finer grained overbank deposits. The highly permeable sands and gravels occur widely throughout the floodplain whilst beds of less permeable material occur beneath, within and occasionally on top of these sands and gravels. The raised marine deposits are silty, more common at depth, and thick and extensive to the north of Forres towards the sea. A thin layer (<0.5 m) of loamy soil covers much of the floodplain, and glacial till commonly covers the underlying sandstone and conglomerate bedrock, which is Devonian in age.
Hydrogeology
The superficial deposits of the Findhorn floodplain and the underlying Devonian sandstone comprise a dual aquifer system. Within the bedrock aquifer, groundwater flow is primarily through fractures and transmissivity (permeability 
Pumping tests
To estimate the transmissivity of the superficial deposits, short pumping tests were carried out in all the piezometers.
These were carried out while purging the borehole before taking groundwater samples for chemical analysis.
Higher-yielding boreholes were tested using a centrifugal pump, which could pump up to 2 L/s. Lower-yielding boreholes were pumped using a narrow diameter 0. 
Residence time tracers
The use of chlorofluorocarbons (CFCs) and sulphur hexafluoride (SF 6 ) as groundwater age tracers relies on the rise in their atmospheric concentrations over the last 70 and 40 years respectively together with certain assumptions about atmospheric mixing and recharge solubility (Plummer & Busenberg ) . These gases are known to be well-mixed in the atmosphere so the curves are considered to be applicable to the study area. Groundwater studies undertaken by the British Geological Survey (BGS) in this study area have shown that
CFCs are prone to degradation (MacDonald et al. ), however on this occasion there was little evidence for degradation in the majority of samples as there were mostly measurable concentrations of dissolved oxygen (DO) (Darling et al. ) .
Sampling and chemical analysis
Piezometers were purged and sampled using a submersible pump. Stable readings were obtained for field parameters 
RESULTS

Transmissivity
The results of the pumping tests are shown in Table 1 • within the floodplain, groundwater flow is generally from south to north, running parallel to the river;
• the superficial deposits within the surrounding hillslope contain significant groundwater and contribute groundwater flow to the floodplain; • groundwater levels are significantly lower (up to 2 m) than the river levels in the southern part of the floodplain as the River Findhorn emerges onto the floodplain (south of Northing 858000); this suggests that the river will lose water to the floodplain groundwater system;
• further downstream (north of Northing 858000), groundwater levels in the floodplain near to the river are similar to river stage implying more equilibrated interaction between river and groundwater.
By comparing the groundwater levels with the ground surface in Figure 4 it is possible to identify areas where groundwater is close to the surface and therefore at general risk of groundwater flooding. One particular part of the floodplain, the Pilmuir area (identified in Figure 2 ), has groundwater levels closest to the surface, and is most at risk of groundwater flooding. The area is largely undeveloped, has marshy channels within it, and local inhabitants say that for large parts of the year there is ponded water within it. Attempts have been made to drain the area and these drains tend to run full for much of the year, indicating significant groundwater discharge.
The piezometers
Groundwater level data from the piezometers within the study area follow a consistent response and fall into distinct groups: river bank piezometers, floodplain piezometers, and those in the groundwater flooding area. Figure 5 shows the response of piezometers within these different groups plotted against river stage and also rainfall.
All piezometers show little systematic annual variation. Hydrochemistry Table 2 shows the chemistry results for field parameters (DO, pH, SEC, Eh), major elements, trace elements, DOC, stable isotopes and SF 6 from the survey of groundwaters, field drains and surface waters undertaken as part of this study.
Inorganic chemistry
The major inorganic chemistry of the different water types are summarised in a Piper plot in Figure 6 . The groundwaters are predominantly Ca-HCO 3 type waters, however the shallow groundwaters from the surrounding superficial deposits have noticeably higher proportions of Na-Cl.
Groundwaters sampled from the deeper sandstone aquifer and river bank deposits have low SEC (<400 μS/cm), samples from the floodplain have intermediate SEC (400-500 μS/cm), and samples from the surrounding superficial deposits have generally higher SEC (>600 μS/cm). The differences in water types and SEC reflect both water-rock interactions during recharge and transport in the aquifer as well as local sources of contamination. Table 3 shows the results of saturation indices for selected minerals. Only the sandstone piezometers and BH11 and 13 in the floodplain are in equilibrium with respect to calcite (SI calcite ¼ 0 ± 0.2), see Table 3 . Saturation indices are sometimes used as a measure of residence time due to the evolution of the groundwater as a result of water-rock interactions. The SF 6 data also suggest long residence times at these sites (Table 2 ). In contrast, groundwaters from superficial deposits and surface waters are undersaturated with respect to calcite, perhaps indicative of shorter residence times. Barium is readily available in the aquifers sampled with barite being well buffered (SI Barite ¼ ±0.2) in most groundwater samples and some drains (Table 3 ). which is close to the river shows a slight excess of CFC-12 which may reflect a greater degree of interaction with colder surface water which would contain more dissolved gases. BH13 plots away from the binary mixing line but this could be explained by an insufficient excess air correction for this sample. The Devonian sandstone sample also deviates from the ideal curves, however this sample has no measureable DO and therefore it is likely that the CFC-12 is too low due to degradation under reducing conditions.
As the SF 6 dataset is more extensive than the CFC, a cross plot of the modern fraction of SF 6 and NO 3 is shown in Figure 11 . The trend found elsewhere in Scotland of increasing NO 3 with a higher fraction of modern water (MacDonald et al. ), is not observed here. This is probably because the nitrate inputs across the study area are variable (from woodland, agriculture and urban). There are several samples that show SF 6 concentrations greater than would be expected from modern water (Figure 11 ), suggesting local contamination from mineral sources.
These 'over modern' results were excluded from the groundwater age calculations. 
Cluster analysis
After appropriate data standardisation, hierarchical cluster analysis was carried out to explore samples with similar chemical characteristics and divide the sites into groups.
Four clusters are highlighted in Figure 13 which can be sum- (), are shown in Table 2 for comparison. The groundwater chemistry and mineral saturation indices for this site are comparable with the results from this study, indicating that there has been no significant mixing of floodplain water with the deeper groundwater in the sandstone.
Cluster 2 surface water and riverbank groundwater
There is similarity between the surface waters in the main rivers, some of the drains, and some of the riverbank piezometers. Groundwater levels in piezometers close to the river respond rapidly to river levels demonstrating a high degree of connection. The cluster analysis indicates that this connection can lead to significant water transfer between river and the floodplain (e.g. similarity of water chemistry in RB 107, 101 to surface water). However, not all river bank piezometers are in this cluster indicating a complex system with varying degrees of interaction. One of the surface water sources (the Muckle Burn), although clustering with other surface waters, has calcite and barite saturation indices of À0.68 and À0.2 respectively (Table 3) , closer to equilibrium than many shallow groundwaters. This could indicate a high degree of groundwater baseflow. This study has demonstrated the significant and complex role that groundwater plays in the functioning of floodplains and highlights the importance of taking groundwater into consideration at an early stage when investigating flooding, or planning flood alleviation schemes.
